Scar formation in the nervous system begins within hours after traumatic injury and is characterized primarily by reactive astrocytes depositing proteoglycans that inhibit regeneration. A fundamental question in CNS repair has been the identity of the initial molecular mediator that triggers glial scar formation. Here we show that the blood protein fibrinogen, which leaks into the CNS immediately after blood-brain barrier (BBB) disruption or vascular damage, serves as an early signal for the induction of glial scar formation via the TGF-␤/Smad signaling pathway. Our studies revealed that fibrinogen is a carrier of latent TGF-␤ and induces phosphorylation of Smad2 in astrocytes that leads to inhibition of neurite outgrowth. Consistent with these findings, genetic or pharmacologic depletion of fibrinogen in mice reduces active TGF-␤, Smad2 phosphorylation, glial cell activation, and neurocan deposition after cortical injury. Furthermore, stereotactic injection of fibrinogen into the mouse cortex is sufficient to induce astrogliosis. Inhibition of the TGF-␤ receptor pathway abolishes the fibrinogen-induced effects on glial scar formation in vivo and in vitro. These results identify fibrinogen as a primary astrocyte activation signal, provide evidence that deposition of inhibitory proteoglycans is induced by a blood protein that leaks in the CNS after vasculature rupture, and point to TGF-␤ as a molecular link between vascular permeability and scar formation.
Introduction
The identity of the molecule that triggers glial scar formation after injury or disease is a fundamental and unresolved question in CNS repair. Astrocytes become reactive in response to CNS traumatic injury or disease characterized by blood-brain barrier (BBB) breakdown, increased vascular permeability, edema formation, inflammatory responses, and neuronal damage, as in spinal cord injury (SCI), stroke, Alzheimer disease (AD), multiple sclerosis (MS), and brain trauma (Abbott et al., 2006) . Reactive astrocytes demarcate the injury site from healthy tissue by forming a glial scar (Faulkner et al., 2004) , which consists mainly of chondroitin sulfate proteoglycans (CSPGs), including neurocan and phosphacan, the major factors that inhibit axon regeneration after CNS injury (Fawcett and Asher, 1999; McKeon et al., 1999) . CSPGs are upregulated by reactive astrocytes soon after injury (Jones et al., 2003; Silver and Miller, 2004) . However, the early molecular events that trigger reactive astrogliosis and induce secretion of inhibitory proteoglycans are poorly understood.
One of the earliest events after brain trauma or SCI is leakage of blood components into brain parenchyma at areas that correlate with the formation of reactive astrocytes (Schnell et al., 1999; Preston et al., 2001) . The soluble blood protein fibrinogen is converted to insoluble fibrin by the action of thrombin and is deposited in the nervous system promptly after vascular damage or BBB disruption Adams et al., 2004 Adams et al., , 2007a . Fibrinogen plays a causative role in nervous system disease as a regulator of inflammation Adams et al., 2007b; Paul et al., 2007) , remyelination , and neurodegeneration (Adhami et al., 2006; Schachtrup et al., 2007) . Fibrinogen mediates functions in the nervous system as a ligand for cell-specific receptors. In microglia, fibrinogen induces activation of Akt and Rho via the CD11b/CD18 integrin receptor (complement receptor 3) (Adams et al., 2007b) . In neurons, it induces phosphorylation of epidermal growth factor receptor (EGFR) via the ␣v␤3 integrin (Schachtrup et al., 2007) . Given the potential of fibrinogen for signal transduction via a wide range of cellular receptors and its presence in the CNS microenvironment immediately after injury, we hypothesized that fibrinogen could be an early signal that triggers activation of astrocytes.
The present study reveals the unexpected finding that fibrinogen regulates TGF-␤-mediated signal transduction within CNS tissues after vascular damage and induces reactive astrocytosis and deposition of CSPGs. Mice genetically or pharmacologically depleted of fibrinogen show a dramatic reduction in active TGF-␤ and reduced astrocytosis and neurocan deposition after injury. In primary astrocyte cultures, fibrinogen is a potent inducer of secretion of proteoglycans, and conditioned medium of fibrinogentreated astrocytes inhibited neurite outgrowth. Active TGF-␤ was undetectable in fibrinogen solutions, but plasma-isolated fibrinogen coimmunoprecipitated with latent TGF-␤, which is activated by astrocytes. These results identify fibrinogen-bound latent TGF-␤ as the molecular inducer of the inhibitory properties of the gliotic scar after vascular damage.
Materials and Methods
Mice. C57BL/6J mice (Jackson Laboratory) and C57BL/6J-inbred mice deficient for fibrinogen (Fib Ϫ/Ϫ ) (Suh et al., 1995) were used. All animal procedures were performed under the guidelines set by the University of California, San Francisco, Institutional Animal Care and Use Committee and are in accord with those set by the National Institutes of Health.
Cortical stab wound injury. Cortical stab wound injury (SWI) was performed as described previously (Lin et al., 2005) . Mice were anesthetized with avertin (0.2 ml of a 1.25% solution/10 g of body weight) and placed in a stereotaxic apparatus (David Kopf Instruments). A midline incision was made through the scalp, and the skin was retracted laterally. The periosteum was cleaned from the skull, and a hole was drilled over the right cerebral hemisphere, exposing the dura. A 30-gauge needle was inserted stereotaxically (anteroposterior [AP], Ϫ1.0 mm; mediolateral [ML], Ϫ1.0 mm; dorsoventral [DV], Ϫ1.70 mm from the bregma according to Paxinos and Watson) and left in place for 5 min. The needle was removed, the skin was sutured, and the mice were allowed to recover and returned to their cages. For stereotactic injection of active TGF-␤ and simultaneous SWI, TGF-␤ (R&D Systems) was dissolved in 4 mM HCl containing 1 mg/ml bovine serum albumin (BSA) and diluted to 0.04 mg/ml with artificial CSF (ACSF) composed of the following (in mM): 125 NaCl, 26.2 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , and 12.5 glucose. Active TGF-␤ or vehicle control (1 l) diluted with ACSF was slowly injected (0.2 l/min) into the cortex (at the same coordinates used for SWI) with a 10 l Hamilton syringe attached to a 30gauge needle.
Stereotactic injection of fibrinogen. Male C57BL/6 mice were used for stereotactic injection of fibrinogen; controls received ACSF. The mice were anesthetized with avertin (0.2 ml/10 g of body weight) and placed in the stereotaxic apparatus. Fibrinogen (Calbiochem) was dissolved in endotoxin-free distilled water, diluted to 5 mg/ml with ACSF, and kept at 37°C. Fibrinogen (1 l of 5 mg/ml) or ACSF was slowly injected (0.2 l/min) with a 10 l Hamilton syringe attached to a 33-gauge needle into mouse cortex at the same coordinates used for SWI. Stereotactic injection of 1 l of 5 mg/ml control protein, albumin, fibronectin, or laminin (all from Sigma) was performed as described above. Fibrinogen fractions I-2 and I-9 were isolated as described previously (Mosesson and Sherry, 1966; Mosesson et al., 1972; Galanakis et al., 2007) . For TGF-␤ receptor type I inhibitor injection, the inhibitor SB431542 (Sigma) was dissolved in DMSO solution and diluted to 0.1 mM with ACSF (final DMSO concentration, 1%). TGF-␤ receptor type I inhibitor solution (3 l of 0.1 mM) or 3 l of ACSF containing 1% DMSO was slowly injected (0.2 l/min) with a 10 l syringe attached to a 33-gauge needle into the lateral ventricle (AP, Ϫ0.1 mm; ML, Ϫ1.0 mm, DV, Ϫ2.5 mm) 30 min before fibrinogen injection.
Immunohistochemistry. Mice were transcardially perfused with cold saline followed by 4% paraformaldehyde under avertin anesthesia. Brain samples were removed, postfixed, cryoprotected, cut into 30 m sections, and processed as described previously (Adams et al., 2007b; Schachtrup et al., 2007) . The primary antibodies were rat anti-glial fibrillary acidic protein (GFAP) (1:1000; Zymed), sheep anti-human fibrinogen (1:200; U.S. Biological), rabbit anti-neurocan (1:500) (Milev et al., 1996) , and mouse anti-active TGF-␤ (1:200; R&D Systems). Sections Figure 1 . Fibrinogen depletion decreases astrogliosis and neurocan expression. A, SWI, a model of cortical trauma. B, Three days after SWI, immunolabeling for fibrin (red) and GFAP (green) revealed perivascular fibrin colocalizing with reactive astrocytes in brain coronal sections of mice (top). Uninjured mice show no fibrinogen deposition in the brain (bottom). C, Low-magnification images of Fib Ϫ/Ϫ and ancrod-depleted WT mice show reduced astrogliosis demonstrated by immunolabeling of GFAP astrocytes (green) 3 d after SWI. Box indicates area of quantification. D, Fib Ϫ/Ϫ and ancrod-treated WT mice show reduced astrogliosis and neurocan expression 3 d after SWI, shown by immunolabeling of astrocytes for GFAP (green) and neurocan (red). Uninjured WT mice served as controls. E, Quantification revealed lower levels of GFAP and neurocan in Fib Ϫ/Ϫ and ancrod-treated mice than in WT mice (n ϭ 5 per group) after SWI. Values are mean Ϯ SEM. *p Ͻ 0.001. Scale bars: B, 75 m; C, 500 m; D, 60 m.
were permeabilized in 0.1% Triton X-100, blocked with 5% BSA, and incubated for 24 h at 4°C with primary antibodies. Sections were rinsed in PBS with 0.1% Triton X-100 and incubated with secondary antibodies conjugated with Alexa Fluor 488 or 594 (1:200; Invitrogen) for 1 h in the dark. After washing in PBS, sections were mounted on glass slides and coverslipped with Prolong Gold antifading agent (Invitrogen). For light microscopy, after primary antibody incubation sections were incubated with biotinylated secondary antibody (1:500; Vector Laboratories), followed by the ABC Elite system (1:500; Vector Laboratories), and developed in 3,3Ј-diaminobenzidine (Vector Laboratories). The sections were mounted on glass slides, air dried, dehydrated, and coverslipped with Permount (Fisher).
Systemic fibrinogen depletion. Mice were depleted of fibrinogen with ancrod as described previously Adams et al., 2007b) . Ancrod or buffer was administered by mini-pumps, which deliver 0.5 l/h; thus, mice received 2.4 U of ancrod per day.
Culture of primary astrocytes. Cortical astrocytes were isolated as described previously (McCarthy and de Vellis, 1980) . Brain cortices were isolated at P3 and transferred into HBSS (Invitrogen). The dura was removed, and the cortices were minced with scissors. Four cortices were transferred into 21.5 ml of HBSS (Invitrogen), digested in 2.5 ml of trypsin-EDTA (2.5%, Invitrogen) and 1.0 ml of pancreatin (2.5%, ICN Biochemicals) for 30 min at 37°C with occasional shaking. Trypsin was deactivated by adding 7.5 ml of DMEM with 10% fetal bovine serum (Invitrogen) and 1.5% penicillin/streptomycin (Invitrogen). Digested cortices were collected by centrifugation at 500 ϫ g for 5 min, resuspended in 20 ml of DMEM with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin, and plated onto poly-D-lysine-coated 75 cm 2 tissue culture flasks. The media were changed on day 2 and every third day thereafter. After 10 -14 d, when astrocytes had reached confluency, microglia and oligodendrocytes were removed by shaking the flasks at 240 rpm for 6 h. The adherent astrocyte cultures were rinsed with PBS and passaged using trypsin-EDTA (1:3 split). After astrocytes reached confluency, they were used for experiments.
RNA isolation and quantitative PCR. RNA was isolated from primary astrocyte cultures with the RNAeasy kit (Qiagen), according to the manufacturer's instructions. RNA was reverse transcribed to cDNA with the GeneAmp RNA PCR Core kit (Applied Biosystems) and random hexamer primers. Real-time PCR analysis was performed with the Opticon DNA Engine 2 (MJ Research) and the Quantitect SYBR Green PCR kit (Qiagen) with 1.5 l of cDNA template in a 25 l reaction mixture. PCR efficiencies of the primers were calculated by serial dilution of template; no significant differences were found between the target genes and the housekeeping genes. Results were analyzed with the Opticon 2 Software and the comparative CT method as described previously (Livak and Schmittgen, 2001; Passino et al., 2007) . Data are expressed as 2 Ϫ⌬⌬CT for the experimental gene of interest normalized to the housekeeping gene and presented as fold change relative to control. The following primers were used: neurocan: Fwd 5Ј-TGC AAC CAC GGC TAA GCT C-3Ј, Rev 5Ј-GGG GAT AAG CAG GCA ATG AC-3Ј; GAPDH: Fwd 5Ј-CAA GGC CGA GAA TGG GAA G-3Ј, Rev 5Ј-GGC CTC ACC CCA TTT GAT GT-3Ј.
Immunoblots and coimmunoprecipitation. To detect astrocyte-secreted CSPG or neurocan, primary astrocytes were serum starved overnight and treated with 2.5 mg/ml fibrinogen for various times. Astrocytes were activated with epidermal growth factor (EGF) (Calbiochem) or TGF-␤ (R&D Systems). Astrocytes were pretreated with 50 nM PD168393 (Calbiochem), an inhibitor of EGFR phosphorylation, or 10 M SB431542 (Sigma), an inhibitor of TGF-␤ receptor type I, 1 h before fibrinogen treatment. Supernatants were sampled, and CSPGs were digested for 3 h at 37°C with 0.01 U chondroitinase ABC enzyme (ChABC) (Sigma) per milliliter of astrocyte-conditioned medium. To inhibit active TGF-␤ we used 10 g/ml of a pan-active TGF-␤ antibody (R&D Systems). For detection of latent TGF-␤ binding protein 1 (LTBP1) and latencyassociated protein (LAP), we used human plasminogen-free fibrinogen samples isolated from plasma by ion-exchange chromatography, glycine precipitation, and gel filtration (Calbiochem) or as described previously (Mosesson and Sherry, 1966; Mosesson et al., 1972; Galanakis et al., 2007) .
For coimmunoprecipitation, 100 g of fibrinogen (Calbiochem) was incubated with rabbit anti-fibrinogen antibody (1:200) bound to A-agarose beads for 4 h at room temperature. After three washes, the beads were resuspended in sample buffer, boiled for 10 min, and centrifuged. Protein extracts were separated by electrophoresis on 4 -12% gradient or 6% SDS-PAGE gels as described previously and probed with the following antibodies: neurocan (1:1000) (Milev et al., 1996) , P-EGFR, EGFR, P-Smad2 (1:1000, Cell Signaling Technology), Smad2 (1:1000, Cell Signaling Technology), active TGF-␤ (1:1000, R&D Systems), GFAP (1:1000, Zymed), LTBP1 (1:1000, Santa Cruz Biotechnology), LTBP1 (1:500, R&D Systems), LAP1 (1:1000, R&D Systems), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1: 1000, Cell Signaling Technology). Blots were washed three times with TBS-T, incubated with peroxidase-labeled secondary antibodies (goat anti-rabbit IgG, Cell Signaling Technology, 1:5000 or goat anti-mouse IgG, Santa Cruz Biotechnology), diluted in 5% nonfat milk in TBS-T for 1 h at room temperature, and washed again, followed by detection with chemiluminescence (ECL, GE Healthcare).
Astrocyte-conditioned medium. Astrocytes were plated in 24-well plates at 1 ϫ 10 5 cells per well. Astrocytes were untreated or treated with 2.5 mg/ml fibrinogen for various times. All experiments were performed with astrocytes aged for 30 d in culture, unless otherwise noted. For neurite outgrowth assay studies, astrocytes were treated with fibrinogen overnight; the medium was changed, and astrocyte-conditioned medium was harvested 2 d later. Therefore, sampled astrocyte-conditioned medium did not contain fibrinogen. For inhibitor studies, astrocytes were pretreated with the TGF-␤ receptor I inhibitor SB431542 (10 M; Sigma) 1 h before fibrinogen treatment. For digestion of CSPGs, astrocyte-conditioned medium was treated for 3 h at 37°C with 0.01 U of ChABC (Sigma) per milliliter of astrocyteconditioned medium. Astrocyte-conditioned media were filtered through 0.45 m filters and frozen at Ϫ80°C.
Neurite outgrowth assay. Cortical neurons were isolated from E16 C57BL/6 mice as described previously , plated overnight at a density of 37,500 cells per well in eight-well Nunc plates coated with poly-D-lysine, cultured with 80% astrocyte-conditioned medium for 24 h, fixed with 4% paraformaldehyde, and stained with anti-␤-tubulin (1:200, Sigma). Neurite outgrowth and length were quantified as described previously (Niederöst et al., 1999; Wang et al., 2002; Schachtrup et al., 2007) . Neurite outgrowth was determined as the proportion of total cells bearing neurites longer than the diameter of the cell body, an indication of successful initiation of neurite outgrowth. Neurite length (micrometers) was measured from the portion of cells that successfully initiated neurite outgrowth. The number of neurite-bearing cells and neurite length was determined from 400 -500 neurons per condition. Ten representative images per well were taken with an Axioplan II epifluorescence microscope (Carl Zeiss) with a dry Plan-Neofluar 40 ϫ 0.75 NA objective and an Axiocam HRc CCD camera. Images were acquired and analyzed with Axiovision image analysis software. All experiments were repeated four times and were performed in triplicate.
TGF-␤ measurement. The amounts of active and latent TGF-␤ in blood-isolated fibrinogen or in astrocyte supernatant were measured with an ELISA kit (R&D Systems), according to the manufacturer's instructions. Active TGF-␤ levels were measured in 2.5 mg/ml of fibrinogen isolated from blood and in the supernatant of serum-starved astrocytes treated for 1 h with 2.5 mg/ml of blood-isolated fibrinogen or TGF-␤ or left untreated. To determine levels of latent TGF-␤, HCl was added to the samples to activate latent TGF-␤ to the immunoreactive form.
Immunocytochemistry. Cells were rinsed with ice-cold PBS, fixed in 4% PFA for 30 min at 4°C, washed three times with PBS, blocked in PBS with 5% BSA and 0.1% Triton X-100 for 30 min at 4°C, and washed three times in PBS. The cells were then incubated with anti-GFAP (1:1000, Zymed), active TGF-␤ (1:1000, R&D Systems), or anti-␤-tubulin (1:200, Sigma) in PBS with 1% BSA overnight. After three washes in PBS, the cells were incubated with secondary antibody (Jackson ImmunoResearch Laboratories, 1:200) for 45 min in PBS with 3% BSA, washed three times in PBS, and coverslipped with Slowfade Gold containing DAPI (Invitrogen).
Microscopy and image-acquisition and analysis. Images were acquired with an Axioplan II epifluorescence microscope (Carl Zeiss) equipped with dry Plan-Neofluar objectives (ϫ10 0.3 NA, ϫ20 0.5 NA, or ϫ40 0.75 NA), an Axiocam HRc CCD camera, and Axiovision image analysis software. Quantitative image analysis for the immunostained mouse cortical sections was performed on three equally spaced sections through the level of the injection site (AP Ϫ1.0 mm). To maintain consistency between the selected sections, a rectangular box (200 ϫ 1000 m) was localized to the medial and lateral region 100 m away from needle track in each image as described previously (Buffo et al., 2008) . The digitized images were analyzed with ImageJ software (National Institutes of Health). The number of pixels per image with an intensity above a predetermined threshold level was quantified by measurement of the immunoreactive areas for GFAP, neurocan, and active TGF-␤. Total immunoreactivity was calculated as percentage area density defined as the number of pixels (positively stained areas) divided by the total number of pixels (sum of positively and negatively stained area) in the imaged field (Pickford et al., 2008) . All quantitative analyses were performed in a blinded manner.
Statistical analyses. Statistical significance was determined with oneway ANOVA and Bonferroni's post-test (multiple comparisons). Statistical calculations were performed with GraphPad Prism. The data are presented as mean Ϯ SEM. A, Fibrinogen-induced inhibitory CSPG expression by primary astrocytes is not regulated through the EGFR pathway. Conditioned medium from fibrinogen-treated and untreated astrocytes was blotted with anti-CSPG antibody. Astrocytes were incubated with EGFR inhibitor 1 h before stimulation with fibrinogen. B, Fibrinogen does not induce phosphorylation of the EGFR in astrocytes. Serum-starved astrocytes were treated with fibrinogen for the indicated times or left untreated, and lysates were blotted for P-EGFR. EGF served as a positive control. C, Treatment of primary astrocytes with a TGF-␤ receptor type I inhibitor blocked fibrinogen-induced neurocan expression. TGF-␤ served as a positive control. D, TGF-␤ receptor type I inhibitor blocks fibrinogeninduced Smad2 phosphorylation. E, Neurite outgrowth assay with astrocyte-conditioned medium. Conditioned medium (CM) from fibrinogen-treated primary astrocytes aged for 30 d inhibited neurite outgrowth of cortical neurons. This inhibitory effect was abolished by pretreatment with TGF-␤ receptor type I inhibitor. F, ChABC digestion of conditioned medium from fibrinogentreated primary astrocytes aged for 40 d in culture reduced the inhibition of neurite outgrowth of cortical neurons. G, Quantification of neurite outgrowth and neurite length revealed an inhibitory effect of fibrinogen-treated astrocyte-CM in astrocytes aged for 30 d. The TGF-␤ receptor inhibitor abolished this effect. Values are mean Ϯ SEM of at least three different experiments. A minimum of 900 -1000 neurons per condition were analyzed. *p Ͻ 0.001. Representative blots are shown from three independent experiments. Scale bar, 40 m.
Results

Genetic or pharmacologic depletion of fibrinogen reduces astrocytosis and neurocan expression after SWI
To identify a possible role for fibrinogen in astrocyte activation, we used SWI, a model of brain injury that induces reactive astrocytosis ( Fig. 1A) (Silver and Miller, 2004; Sofroniew, 2005) . After SWI, we detected massive fibrin deposition, which colocalized with reactive astrocytes (Fig. 1 B) . Fibrinogen was not detected in control uninjured brain (Fig. 1 B) . To determine whether fibrin-ogen is required for astrocyte activation after SWI, we examined deposition of inhibitory CSPGs, which are secreted by astrocytes and are critical for inhibiting CNS repair, in mice genetically or pharmacologically depleted of fibrinogen. Fib Ϫ/Ϫ mice or mice treated with the fibrin-depleting agent ancrod showed a fourfold reduction in astrocyte activation and a threefold reduction in neurocan deposition than wild-type (WT) mice (Fig. 1C-E) .
Fibrinogen induces neurocan upregulation in primary astrocytes
To examine whether fibrinogen directly regulates astrocyte functions, we treated primary astrocytes in vitro. Fibrinogen induced a fivefold increase in neurocan RNA (Fig. 2 A) and robust neurocan protein secretion in astrocyte supernatants (Fig. 2 B, C) . Fibrinogen induced neurocan secretion in astrocyte supernatants as early as 1 d after treatment (Fig. 2 B) , and the effects of fibrinogen were sustained up to 7 d after treatment (Fig. 2C ). Fibrinogen showed sustained induction of neurocan in astrocytes using TGF-␤ (Fig. 2 B) or EGF as positive controls (Fig. 2C ). Fibrinogen did not affect astrocyte proliferation, indicating that alterations in cell division are not a contributor to the effects of fibrinogen on inducing neurocan expression (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Induction of neurocan by fibrinogen was concentration dependent (Fig.  2 D) . Interestingly, fibrinogen even at a concentration of 0.3 mg/ml, which is 10% of the physiological level of fibrinogen in the blood (Mosesson et al., 2001) , was sufficient to induce neurocan protein expression (Fig. 2 D) .
Fibrinogen induces astrocyte-mediated inhibition of neurite outgrowth via the TGF-␤ receptor pathway CSPG and neurocan expression by astrocytes is regulated by the TGF-␤ receptor and EGFR pathways (Smith and Strunz, 2005) . Inhibition of EGFR did not prevent fibrinogen-induced CSPG expression (Fig.  3A) , and fibrinogen did not induce phosphorylation of EGFR in astrocytes ( Fig. 3B ), suggesting that the EGFR pathway is not involved in fibrinogeninduced neurocan upregulation. In contrast, a TGF-␤ receptor inhibitor abolished fibrinogen-induced neurocan secretion (Fig. 3C) . Moreover, in primary astrocytes fibrinogen induced phosphorylation of Smad2, which is the downstream effector of the TGF-␤ receptor pathway (Fig. 3D) . Inhibiting TGF-␤ receptor abolished fibrinogen-induced Smad2 phosphorylation (Fig. 3D) .
We then examined the functional consequences of fibrinogenmediated regulation of the TGF-␤ receptor pathway in astro- cytes. Neurocan secretion by activated astrocytes is inhibitory to neurite outgrowth (Friedlander et al., 1994; Asher et al., 2000) . Indeed, conditioned medium from fibrinogen-treated astrocytes significantly decreased both neurite length and the percentage of cells showing neurite outgrowth (Fig. 3E-G) , suggesting that fibrinogen renders astrocytes inhibitory to neurite outgrowth. As astrocytes age in vitro, secretion of proteoglycan increases. Treatment of cortical cultures with supernatants from untreated astrocytes that had aged in culture for 40 d (Fig. 3F ) decreased the percentage of cells with neurite outgrowth to a greater extent than supernatants from astrocytes aged 30 d (Fig. 3G ). However, regardless of whether astrocytes were aged in culture for 40 d (Fig. 3F ) or 30 d (Fig. 3G ), conditioned media from fibrinogen-treated astrocytes decreased in parallel both the percentage of cells showing neurite outgrowth and the neurite length relative to control conditioned media from untreated astrocytes. ChABC effectively removes the inhibitory properties of CSPGs and promotes axonal regrowth after SCI (Bradbury et al., 2002; Silver and Miller, 2004) . Conditioned medium of fibrinogen-treated astrocytes treated with ChABC no longer inhibited neurite outgrowth, suggesting that fibrinogen-induced decrease of neurite outgrowth was, indeed, mediated by CSPGs (Fig. 3F ) . Importantly, conditioned medium of astrocytes treated with fibrinogen in the presence of TGF-␤ receptor inhibitor did not inhibit neurite outgrowth (Fig. 3 E, G) . This represents the first evidence that fibrinogen induces biological responses via the TGF-␤ receptor pathway.
Fibrinogen-bound latent TGF-␤ becomes activated by astrocytes
Consistent with its role in inflammatory and reparative processes after injury, fibrinogen binds a diverse array of cell-associated proteins, such as integrin and nonintegrin receptors, matrix components like fibronectin, and soluble factors, including cytokines, and growth factors, such as interleukin-1␤, fibroblast growth factor-2, and vascular endothelial growth factor (Sahni and Francis, 2000; Sahni et al., 2003 Sahni et al., , 2004 . We hypothesized that fibrinogen might have a novel function as a soluble or matrixassociated carrier for TGF-␤ and regulator of its bioavailability. Fibrinogen-induced Smad2 phosphorylation was abolished by a pan anti-TGF-␤ blocking antibody ( Fig. 4 A) , suggesting that active TGF-␤ is necessary for the induction of Smad2 phosphorylation by fibrinogen. However, active isoforms of TGF-␤1, TGF-␤2, and TGF-␤3 were undetectable in fibrinogen isolated from plasma as measured by ELISA (Fig. 4 B) . By binding to LAP, TGF-␤ exists in a functionally inactive latent form that cannot interact with cellular TGF-␤ receptors (Attisano et al., 1994) . While active TGF-␤ was undetectable, latent TGF-␤ isoforms, particularly latent TGF-␤1 and TGF-␤2, were detected at high levels in plasma fibrinogen (Fig. 4 B) (2.4 pg of TGF-␤ per 10 g of fibrinogen, or 3.45 M TGF-␤/1 M fibrinogen). According to our ELISA data 2.5 mg/ml of fibrinogen contain 0.6 ng/ml of latent TGF-␤. Treatment of astrocytes with 2.5 mg/ml of fibrinogen revealed a delay in Smad2 phosphorylation compared with active 2 ng/ml TGF-␤ treatment (Fig. 4C) . These results show that active TGF-␤ is undetectable, whereas latent inactive TGF-␤ is present in plasma-isolated fibrinogen.
Latent TGF-␤ consists of dimeric TGF-␤ covalently linked to LAP (Gentry and Nash, 1990 ). This complex is bound by LTBP1 (Miyazono et al., 1988) , which contains N-terminal domains that bind to extracellular matrix (ECM) proteins to regulate the bioavailability of TGF-␤ within tissues (Unsöld et al., 2001) . We therefore examined the possibility that the LTBP1-LAP complex binds fibrinogen. We performed Western blots on commercially available fibrinogen and on plasma fibrinogen isolated by the glycine isolation procedure, which removes potential coprecipitating plasma contaminants that do not bind directly to fibrinogen (Mosesson and Sherry, 1966; Mosesson et al., 1972; Galanakis et al., 2007) . Western blotting showed LTBP1 and LAP proteins in plasma-isolated fibrinogen (Fig. 4 D) . We further confirmed the presence of LTBP1 and LAP in our own preparation of the intact fibrinogen fraction I-2 isolated from human plasma that is a similar fraction with the commercially available fibrinogen (Mosesson and Sherry, 1966; Mosesson et al., 1972; Galanakis et al., 2007 ) (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). The presence of LTBP1 in two differ- ent preparations of fibrinogen was confirmed with both monoclonal and polyclonal antibodies against LTBP1 (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Coimmunoprecipitation with an antibody against fibrinogen showed the presence of LTBP1 (Fig. 4 E) , suggesting that fibrinogen forms a complex with LTBP1.
Liberation of biologically active TGF-␤ requires its dissociation from the latent complex (Annes et al., 2003 (Annes et al., , 2004 , which can be achieved through proteolytic cleavage of the large latent complex or conformational changes induced by engagement of latent TGF-␤ by specific cellular integrin receptors (Munger et al., 1999; Mu et al., 2002; Yang et al., 2007; Wipff and Hinz, 2008) . Indeed, ␣v␤8 integrin binding to latent TGF-␤ is a major mechanism of TGF-␤ activation in astrocytes (Cambier et al., 2005) . To test whether fibrinogen-bound latent TGF-␤ is activated by primary astrocytes, we measured active TGF-␤ in supernatants of fibrinogen-treated astrocytes. Within 1 h after treatment, the levels of active TGF-␤2, the major TGF-␤ isoform expressed by astrocytes after injury (Lagord et al., 2002) , had increased 25-fold ( Fig. 4 F) . Moreover, immunocytochemistry revealed active TGF-␤ formation in primary astrocyte cultures 1 h after fibrinogen treatment (Fig. 4G ). Consistent with these in vitro findings, stereotactic injection of fibrinogen into the cortex strongly induced formation of active TGF-␤ (Fig. 4 H) . Active TGF-␤ immunoreactivity was 10-fold greater in fibrinogeninjected mice than in ACSF-injected controls (n ϭ 5 mice per group, p Ͻ 0.001). These results suggest that plasma fibrinogen is a carrier of latent TGF-␤, which becomes activated by astrocytes.
Fibrinogen regulates formation of active TGF-␤ by astrocytes after brain injury
To determine whether fibrinogen is required for active TGF-␤ formation, we measured active TGF-␤ after SWI in mice genetically or pharmacologically depleted of fibrinogen. As shown by immunolabeling for active TGF-␤ and GFAP, astrocytes were the major cell type positive for active TGF-␤ after injury (Fig. 5A) , and active TGF-␤ levels were dramatically reduced in Fib Ϫ/Ϫ and ancrod-treated mice compared with WT mice (Fig. 5 B, C) . Furthermore, Western blotting of brain samples for the TGF-␤ receptor downstream effector Smad2 revealed a dramatic decrease in Smad2 phosphorylation in Fib Ϫ/Ϫ and ancrod-treated mice than in WT mice after SWI (Fig. 5D ). These results suggest that fibrinogen is necessary for generation of active TGF-␤ after brain injury.
Next, we investigated potential synergism between fibrinogen and active TGF-␤. Stereotactic injection of purified active TGF-␤ after SWI potentiated the effect of SWI on GFAP and neurocan expression in WT mice (Fig. 6 A) . However, Fib Ϫ/Ϫ mice injected with active TGF-␤ after SWI showed significantly decreased GFAP and neurocan immunoreactivity (Fig. 6 B) . Notably, the activity of the injected TGF-␤ was not impaired in Fib Ϫ/Ϫ mice, because active TGF-␤ induces a similar threefold increase in both WT and Fib Ϫ/Ϫ mice (Fig. 6 B) . Thus, as expected, active TGF-␤ can induce scar formation in the absence of fibrinogen, but fibrinogen is needed to obtain the full effect of endogenous TGF-␤ activation.
Stereotactic fibrinogen injection in the cortex induces scar formation via activation of the TGF-␤ receptor pathway
To determine whether fibrinogen can activate astrocytes in vivo, we injected fibrinogen stereotactically into the cortex (Fig. 7A) . Because a smaller needle is used for stereotactic injection than for SWI, injection of ACSF did not result in fibrinogen leakage into the cortex (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). GFAP immunoreactivity in the cortex was 3.4-fold greater after fibrinogen injection than after ACSF injection ( Fig. 7 B, C) . Fibrinogen injection resulted in less diffuse fibrinogen immunoreactivity than SWI (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Among other blood and ECM proteins, only fibrinogen increased GFAP immunoreactivity: stereotactic injection of albumin, laminin, or fibronectin did not affect astrocyte activation (Fig. 7 B, C) . Even with no other injury, GFAP immunoreactivity and neurocan deposition in the cortex increased markedly after a single stereotactic fibrinogen injection (Fig. 7D) . Importantly, injecting TGF-␤ receptor inhibitor before fibrinogen significantly reduced fibrinogen-induced GFAP and neurocan immunoreactivity (Fig. 7E) .
To examine whether fibrinogen-bound latent TGF-␤ was necessary for the induction of scar formation, we injected ste- reotactically a plasma-derived fibrinogen fraction that does not carry latent TGF-␤. Plasma-derived fibrinogen consists primarily of fibrinogen with a molecular weight of 340 kDa (de Maat and Verschuur, 2005) . We isolated the low-molecularweight fibrinogen fraction I-9, which lacks major parts of the A␣ chain carbosyl terminal region, and like its intact counterpart is fully coagulable (Mosesson et al., 1972) (Fig. 8 A) . Stereotactic injection of fraction I-2 increased GFAP immunoreactivity and neurocan deposition (Fig.  8C,D) to the levels seen after injection of commercial fibrinogen (Fig. 7 D, E) . In contrast to the commercially available fibrinogen and the intact fibrinogen fraction I-2, the fibrinogen fraction I-9 contains dramatically reduced levels of LTBP1 (Fig. 8 B) . Stereotactic injection of fraction I-9 resulted in significantly less astrocytosis and neurocan immunoreactivity than intact fibrinogen fraction I-2 ( Fig. 8C,D) . As shown by ELISA, fraction I-9 had eightfold less latent TGF-␤ than fraction I-2 ( Fig. 8 E) . These results, in combination with the reduction of fibrinogen-induced neurocan deposition by inhibition of the TGF-␤ receptor (Fig. 7) , suggest that the TGF-␤ receptor pathway is a major contributor to the effects of fibrinogen on scar formation in vivo.
Discussion
A fundamental question in CNS repair has been the identity of the initial molecular inducer that triggers inhibitory scar formation. Our results and previous experiments suggest the following model for the role of fibrinogen as an early inducer of scar formation in the CNS (Fig. 9 ). (1) In uninjured CNS, the BBB is intact, and fibrinogen bound to latent TGF-␤ remains sequestered in the blood stream. Indeed, we detected no active TGF-␤ in plasma-isolated fibrinogen. In accordance, active TGF-␤ is not detected in normal plasma, whereas it is activated during platelet activation and thrombus formation (Grainger et al., 1995 (Grainger et al., , 2000 .
(2) CNS injury or disease associated with a compromised BBB allows fibrinogen to leak into the CNS. (3) Fibrinogen carries latent TGF-␤, providing a fibrinogen reservoir of TGF-␤. (4) Astrocytes express integrins such as ␣v␤8, which bind LTBP1 and activate TGF-␤ (Cambier et al., 2005) . Fibrinogen-bound latent TGF-␤ interacts with astrocytes, leading to active TGF-␤ formation and activation of the TGF-␤/Smad signaling pathway. (5) Active TGF-␤ via TGF-␤ receptor/Smad signaling in astrocytes induces scar formation and upregulation of neurocan, an inhibitory CSPG (Asher et al., 2000) . (6) Fibrinogen triggers the formation of a nonpermissive environment for regeneration via TGF-␤-mediated glial scar formation. Because fibrinogen-bound latent TGF-␤ within the CNS would be expected to become available immediately after injury or BBB disruption, it could serve as the primary astrocyte activation signal initiating astrocyte scar formation. Fibrinogen-carried TGF-␤ and locally synthesized TGF-␤ might exert a synergistic effect in a disease or injury setting where active TGF-␤ is present after transcriptional activation and protein synthesis by CNS or inflammatory infiltrating cells. In this scheme, local provisional fibrin matrices play a critical role in the induction of scar formation in the nervous system by regulating the bioavailability of active TGF-␤ at sites of vascular damage. Blood proteins leak into the CNS immediately after injury from mechanical damage of CNS vasculature, and also from sustained BBB disruption, which may last for several days after injury and correlate with areas of glial scarring and inflammation (Preston et al., 2001) . Thus, fibrinogen leakage might perpetuate as well as trigger glial cell activation. This mechanism might be particularly in play after injury or disease associated with fibrin deposition, such as SCI (Schachtrup et al., 2007) , MS (Gay and Esiri, 1991; Marik et al., 2007) , ischemia-hypoxia (Adhami et al., 2006) , and AD (Paul et al., 2007; Ryu and McLarnon, 2008) . Because CSPGs may be upregulated in pathological states within a seemingly intact BBB, additional mechanisms, such as microglial activation and increased inflammation, might contribute to the upregulation of proteoglycans (Fitch et al., 1999) . After SCI in vivo, reduction of CSPGs by chondroitinase treatment increases axonal regrowth and functional recovery (Bradbury et al., 2002) and prevents long-distance axonal retraction (Busch et al., 2009) . Future studies of fibrin depletion in animal models of SCI will reveal the effects of fibrin in axonal regeneration and dieback.
Our prior studies demonstrated a proinflammatory role for fibrinogen in the nervous system as an activator of microglia via the CD11b/CD18 integrin receptor Adams et al., 2007a,b) . Depletion of fibrinogen decreases microglial activation in animal models of MS Adams et al., 2007b) and AD (Paul et al., 2007) . Moreover, specific inhibition of fibrin binding to CD11b suppresses clinical symptoms and demyelination in an animal model of MS without adverse effects in blood coagulation (Adams et al., 2007b) . Our current findings suggest that fibrinogen might regulate inflammatory responses not only as a ligand of CD11b/ CD18 but also as an inducer of active TGF-␤. TGF-␤ is a pleiotropic cytokine that regulates fibrosis and inflammation. TGF-␤ functions as a suppressor of inflammation but is also essential for the development of adaptive immune responses (Blobe et al., 2000; Li et al., 2007; Li and Flavell, 2008) . TGF-␤ is also expressed in neurons, in which it exerts neuroprotective functions (Tesseur et al., 2006) . Given the pleiotropic functions of TGF-␤, fibrinogen as a carrier of TGF-␤ might exert multiple functions in inflammation and tissue repair. Future studies will shed light in the cellular specificity of fibrinogenmediated TGF-␤ activation in the CNS.
The ability of fibrinogen to signal through integrin receptors and to bind precursors of growth factors could underlie its pleiotropic biological functions in CNS disease. Although fibrinogen potently induced the TGF-␤ receptor (this study) and EGFR (Schachtrup et al., 2007) , the mechanisms of activation appear to be quite distinct. Direct binding of ECM ligands to integrins is a well characterized mechanism for EGFR transactivation (Giancotti and Ruoslahti, 1999; Moro et al., 2002) . Binding of fibrinogen to ␣v␤3 integrin transactivates the EGFR in neurons (Schachtrup et al., 2007) . However, fibrinogen does not induce EGFR phosphorylation in astrocytes (this study), perhaps because astrocytes lack the molecular machinery (e.g., ␣v␤3 integrin receptor) (Milner et al., 2001) required for EGFR transactivation (Moro et al., 2002; Schachtrup et al., 2007) .
TGF-␤ receptor signaling in astrocytes is a novel growth factor receptor pathway induced by fibrinogen. TGF-␤ receptor activation is mediated by the release of active TGF-␤ from LTBP1, which contains domains that can potentially bind to ECM proteins (Unsöld et al., 2001) . Fibrinogen coimmunoprecipitated Figure 8 . Fibrinogen induces scar formation as a carrier of latent TGF-␤. A, Fibrinogen fractions isolated from plasma. Fraction I-2 is intact 340 kDa fibrinogen composed of three pairs of nonidentical polypeptide chains, designated A␣ (63.5 kDa), B␤ (56 kDa), and ␥ (47 kDa). Fraction I-9 lacks residues of the C terminus of the A␣ chain. B, Western blotting of plasma fractions I-2 and I-9 shows no LTBP1 in fraction I-9. Coomassie staining revealed the absence of full-length fibrinogen A␣ chain in fraction I-9. C, Immunolabeling of astrocytes (GFAP, green) and neurocan (red) shows less astrogliosis and lower neurocan expression after stereotactic injection of fraction I-9 than after injection of fraction I-2. ACSF-injected mice served as controls. D, GFAP and neurocan levels are lower in mice injected with fraction I-9 than in those injected with fraction I-2 (n ϭ 6 per group). E, TGF-␤ ELISA revealed reduced latent TGF-␤1 in plasma-isolated fibrinogen fraction I-9. Values are mean Ϯ SEM of three independent experiments performed in duplicate. *p Ͻ 0.001. Scale bar, 90 m.
with LTBP1, suggesting that it binds to latent TGF-␤. LTBP1 was not detected in the fibrinogen fraction I-9, which lacks the C terminus of the A␣ chain (Spraggon et al., 1998; Burton et al., 2006) . The ␣C domain of fibrinogen affects properties of the fibrin clot (Lord, 2007) and contains binding sites for tissue plasminogen activator (Medved and Nieuwenhuizen, 2003) and ␣5␤1 and ␣v␤3 integrins (Belkin et al., 2005) . Thus, the interaction of fibrinogen with latent TGF-␤ may occur within the ␣C domain. It is also possible that loss of interactions within the ␣C domain other than latent TGF-␤ may contribute to the reduced scar formation by fibrinogen fraction I-9. Overall, these studies suggest that fibrinogen transactivates the EGFR by binding to ␣v␤3 integrin (Schachtrup et al., 2007) but activates the TGF-␤ receptor as a carrier of the latent form of TGF-␤.
Latent TGF-␤ is converted into its biologically active form by various mechanisms, including matrix metalloproteinases, thrombospondin 1, and integrins (Saharinen et al., 1999; Wipff and Hinz, 2008) . Integrins ␣v␤6 and ␣v␤8 are major activators of latent TGF-␤ (Annes et al., 2003) . In mice, genetic depletion of ␤6 integrin produced a phenotype similar to that of targeted knock-out of TGF-␤ (Huang et al., 1996) . Similar phenotypes are produced by knock-out of the integrin subunits ␣v (Annes et al., 2004) and ␤8 (Cambier et al., 2005; Araya et al., 2006) . Integrin ␣v␤6 binding to latent TGF-␤ induces mechanical conformational changes that render TGF-␤ accessible for binding to TGF-␤ receptor (Munger et al., 1999; Wipff et al., 2007) . On the other hand, ␣v␤8-induced TGF-␤1 activation is dependent on proteolytic degradation of LAP, which results in the release of active TGF-␤1 into the extracellular environment (Mu et al., 2002) . Indeed, astrocytes express ␣v␤6 and ␣v␤8 integrins (Milner et al., 2001; Cambier et al., 2005) , and ␣v␤8 binding to latent TGF-␤ is a major mechanism of TGF-␤ activation in astrocytes (Cambier et al., 2005) . Interestingly, ␣v␤8 is a known receptor for fibrinogen (Chernousov and Carey, 2003) . It is therefore possible that fibrinogen binding to ␣v␤8 might contribute to the liberation of active TGF-␤. Fibrinogen might exert a synergistic effect when active TGF-␤ is present through other mechanisms, such as inflammation attributable to vascular damage or infiltrating cells at sites of injury. In the absence of endogenous active TGF-␤, fibrinogen appears to be a prime carrier of latent TGF-␤ to sites of injury. Although TGF-␤-deficient mice would be ideal to dissect the contribution of direct and synergistic effects of fibrinogen and TGF-␤ in scar formation, embryonic (Shull et al., 1992) or early postnatal (Sanford et al., 1997) lethality may limit such studies after injury in the adult CNS.
Our study investigated an important aspect of vascular damage by exploring the molecular link between blood leakage in the CNS and scar formation. Pharmacologic depletion of fibrinogen with ancrod reduced active TGF-␤ levels in the CNS after injury and decreased neurocan deposition. We propose that fibrin matrices play a key role in establishing a nonpermissive environment for tissue repair in the CNS by activating TGF-␤ signaling in astrocytes. Fibrinogen also inhibits neurite outgrowth (Schachtrup et al., 2007) and activates microglia/macrophages (Adams et al., 2007b) . Thus, fibrinogen might contribute to the inhibitory environment after traumatic injury in the CNS by inducing deposition of inhibitory proteoglycans and by directly inhibiting axonal regeneration and activating the inflammatory response. Given the multifaceted functions of fibrinogen as a proinflammatory and profibrotic blood protein at sites of vascular damage, anticoagulant therapies that inhibit fibrin formation or inhibition of fibrinogen binding to integrin receptors (Adams et al., 2007a) or growth factors might be beneficial for tissue repair. Figure 9 . Proposed model for the role of fibrinogen-bound latent TGF-␤ activated by reactive astrocytes after injury. In the uninjured CNS, fibrinogen-bound latent TGF-␤ circulates within the blood stream. BBB disruption or vascular rupture after trauma leads to leakage of fibrinogen-bound latent TGF-␤ into the CNS. Fibrinogen-bound latent TGF-␤ interacts with local perivascular astrocytes, leading to active TGF-␤ formation, which induces reactive astrocytosis by regulating the TGF-␤/Smad signaling pathway, resulting in scar formation. Local provisional fibrin matrix thus functions as a primary astrocyte activation signal initiating scar formation in the CNS by regulating the bioavailability of active TGF-␤ at sites of vascular damage.
